We examined by microsatellite allelotyping 69 hyperplastic lesions of the parathyroid glands from 23 patients with refractory, uremic hyperparathyroidism. Allelic changes, at least at one chromosomal arm, were found in 31 of the 69 lesions (43%). Alteration at a single chromosome was seen in 14 lesions and at two to four chromosomes in 11 lesions, and there were five to eight alterations in 5 nodules. Allelic imbalance occurred most frequently at chromosome 7p between the EGFR gene and locus D7S817 (16%), at 18q between loci D18S61 and D18S70 (14%), and at chromosome 2 between D2S380 and D2S1391 (9%). X-inactivation study showed a monoclonal growth in 18 of 29 nodules in females, and a loss of the Y chromosome was seen in 8 of the 39 nodules obtained from males. Our results suggest that the uremic "hyperplastic" nodules have a molecular pathway distinct from those known for sporadic primary parathyroid adenomas. (Lab Invest 2001, 81:527-533).
S
econdary hyperparathyroidism (SHPT) is one of the most serious complications of chronic renal insufficiency, characterized by the overgrowth of parathyroid cells and finally by an uncontrolled parathyroid hormone secretion. It is suggested that enlargement of the parathyroid glands starts with diffuse and polyclonal growth, and then some of the monoclonal foci progress to nodular hyperplasia and possibly to parathyroid adenoma (Fukagawa, 1999) . The hyperplastic growth is induced by the low level of calcium and calcitriol and high concentrations of phosphate in serum. The proliferation of parathyroid cells is reversible in this stage. Larger monoclonal nodules, however, have a low density of calcitriol receptor and calcium-sensing receptor (CaR), making them refractory to active vitamin D therapy (Fukuda et al, 1993) . Long-term stimulation of parathyroid cells may result in tertiary hyperparathyroidism with autonomous hyperfunction and hypercalcemia, and uremic, "hyperplastic" nodules may behave clinically like primary parathyroid adenomas (PA) (Brandi, 1997; Fukagawa, 1999; Ritz et al, 1995) .
Therefore, the question arises whether primary PAs and uremic hyperplastic nodules share a common molecular pathology. Most genetic studies have been carried out on primary PAs. Rearrangement and overexpression of the cyclin D1 oncogene (PRAD1), as well as loss of heterozygosity (LOH) at and distal to the multiplex endocrine neoplasia type 1 (MEN1) gene locus at chromosome 11q13, was found in a subset of PAs (Chakrabarti et al, 1998; Heppner et al, 1997; Rosenberg et al, 1991) . LOH at chromosome 1p, but no mutation of the RAD54, has been observed in sporadic tumors (Carling et al, 1999; Cryns et al, 1995; Tahara et al, 1997) . Comparative genomic hybridization and allelotyping studies of sporadic PAs detected DNA loss at the highest frequency on chromosomes 1p, 6q, 11p, 11q, 15q, 17p, and 22q, whereas chromosomal gains have been described on 19p, 16p, and 7 (Farnebo et al, 1999; Palanisamy et al, 1998; Tahara et al, 1996) .
The genetic changes associated with the nodular/ clonal growth of uremic hyperplastic lesions are not yet known. A low rate of LOH distributed randomly throughout the genome has been described in hyperplastic nodules of SHPT (Chudek et al, 1998; Koshiishi et al, 1999) . X-chromosome inactivation studies suggest that a substantial number of hyperplastic parathyroid nodules in uremic patients arise by monoclonal growth Chudek et al, 1998) . Therefore, such lesions may represent a tumorous cell proliferation in which clonal genetic alterations are expected. To obtain an overview of genetic alterations in hyperplastic parathyroid lesions, we have extended our previous microsatellite studies (Chudek et al, 1998) to an analysis of an additional 28 loci at distinct chromosomal regions in 69 lesions of 23 uremic patients.
Results

Microsatellite Allelotyping
The present findings were evaluated, together with those obtained earlier, by analyzing 12 chromosomal arms (Chudek et al, 1998) . Allelic changes occurred in 31 of the 69 lesions (45%). Alteration at only one chromosomal arm was seen in 14 lesions, at two to four chromosomal regions in 11 nodules, and at five to eight chromosomal regions in 5 lesions (Tables 1 and  2) .
Genetic alterations occurred at chromosome 7 in 11 of 69 (16%) nodular hyperplasias. An allelic imbalance (AI) was seen at all informative loci along the short and long arms of chromosome 7 in six lesions. Two nodules showed AI exclusively at EGFR (CA repeat within intron 1 of the EGFR gene) by retention of heterozygosity at loci D7S817 and D7S1797. Two other lesions revealed allelic changes at locus D7S817 and retained heterozygosity without allelic changes at the EGFR locus. One of them also showed allelic change exclusively at locus D7S2847 (at the MET gene). One additional lesion had allelic changes at loci D7S817 and EGFR by retaining heterozygosity at the HGF. Thus, partial allelic changes determine the smallest overlapping AI between loci D7S817 and EGFRca1.
Alteration at chromosome 18q occurred in 10 cases (14%). One example is shown in Figure 1 . Four lesions showed allelic changes at loci D18S1119, D18S61, and D18S58 and retention of heterozygosity without allelic changes at locus D18S70, whereas two lesions displayed allelic changes at locus D18S70 and retention of heterozygosity at loci D18S1119 and D18S61, respectively. In three lesions from the same patient, AI at locus D18S58 and retention of heterozygosity at flanking loci was seen. Thus, the smallest lesion was localized between loci D18S61 and D18S70. AI at chromosome 2 was seen in 6 cases (9%). Selective allelic changes at locus D2S380 was detected in 3 cases, selective changes at locus D2S1391 in 2 lesions, and allelic changes at both loci in one case. Thus, the specific allelic change might be localized between the two markers and should be analyzed next. AI at either chromosome 16p13.13 (D16S407) or chromosome 16q24.2 (D16S520), or at both, occurred in 5 cases (7%). Genetic changes were seen at chromosome 14 in only four lesions, but in three of them a LOH occurred. None of the lesions had allelic changes at the p53 gene locus at chromosome 17p13, and only two of them showed AI at locus D17S806 (17q21.31). Four lesions had an allelic change at chromosome 19q, one of them a LOH. Three lesions showed AI at chromosome 20p (D20S194), one at 20q (D20S120), 
and one nodule at both loci. Of interest, chromosome 21 showed LOH in two nodules and AI in one another. We did not find allelic changes at chromosomes 1q (D1S1656), 3p (D3S1766 and D3S1289), 9p (D9S171), or 15q (D15S97, D15S165, D15S100) or at the p53 locus on 17p13.1. We did not find microsatellite instability at any of the 48 loci analyzed in the series of 69 parathyroid lesions.
Loss of the Y Chromosome
Loss of the Y chromosome occurred in 8 of the 39 nodules obtained from male patients. Six of these nodules displayed genetic changes at autosomal chromosomes as well.
Discussion
Most patients suffering chronic renal failure with refractory hyperparathyroidism develop at least one parathyroid nodule of monoclonal origin Chudek et al, 1998) . The clonal growth of parathyroid cells leads in some cases to tertiary hyperparathyroidism with autonomous hyperfunction presenting clinical symptoms similar to those of primary PA. Several studies confirmed DNA loss at chromosomal regions 1p (40%), 6q (30%), 11p (26%), 11q (34%), and 15q (35%) and gains at chromosomes 7 (12%) and 16p (11%) in primary PA (Farnebo et al, 1999 , Palanisamy et al, 1998 Tahara et al, 1996) . However, the specific genetic changes responsible for the tumorous growth of uremic hyperplastic nodules is poorly understood. Our present study detected recurrent allelic changes at chromosomes 2, 7p, and 18q, which seem to be associated with clonal growth of parathyroid cells in SHPT. We detected allelic changes at chromosome 1p in only 3 of 69 SHPT lesions and at chromosomes 6q, 11p, and 11q in 1 of 69 nodules, and we did not find any change at chromosome 15q in SHPT. These data suggest that clonal nodular lesions in uremic hyperparathyroidism carry genetic changes distinct from those occurring in primary PAs. One genetic change seems to be common in both PA and SHPT. A comparative genomic hybridization (CGH) study described a gain of chromosome 7 in 12% of PA (Farnebo et al, 1999) . In our series, AI at chromosome 7p12-15 was the most common genetic change occurring in 16% of hyperplastic nodules obtained from SHPT. In two lesions, only the locus D7S817, but not the EGFRca1, was duplicated, suggesting that, not the EGFR, but another gene localized distally may be implicated in the development of nodular hyperplasia. The findings that EGFR and its ligand TGF-␣ are coexpressed in normal parathyroid glands as well as in PA also suggest that signaling through EGFR per se is not an explanation for cell proliferation in parathyroid lesions (Kvasnicka et al, 1997) .
Two genetic changes occur preferentially in uremic parathyroid lesions. The allelic change at chromosome 2q between loci D2S380 and D2S1391 encompasses several genes including TGF-␣, EGR4, and the PTHR2 gene. The involvement of these genes by alteration of their expression or by mutation in the development of SHPT is not yet known. Contrary to our results, Farnebo et al (1999) did not find LOH at the PTHR2 region. We found allelic changes at chromosome 18q within a region of approximately 20 cM excluding the BCL-2 locus in 14% of the uremic parathyroid nodules. Narrowing both chromosome 2 and 18q regions to an appropriate size and cloning the genes will be necessary to specify the role of these genetic changes in the transition of clonal growth of parathyroid cells into autonomously growing nodules.
Alteration of genes involved in the normal function of the parathyroid glands has been discussed in relation to the pathological processes that occur during development of parathyroid lesions (Brandi, 1997; Fukagawa, 1999; Ritz et al, 1995) . Activation of the CaR gene in parathyroid cells inhibits parathyroid hormone secretion. However, allelic changes at chromosome 3q21 do not include the CaR gene locus, and mutation analysis excluded the role of this gene in the development of nodular lesions in SHPT with resistance to calcitriol therapy (Cetani et al, 1999; Chudek et al, 1998; Degenhardt et al, 1998; Hosokawa et al, 1995) . Inactivation of the vitamin D receptor (VDR at chromosome 12q) in parathyroid cells is suggested to be instrumental in clonal proliferation of parathyroid cells because cells carrying such lesions have an impaired response to the antiproliferative effect of 1,25-dihydroxyvitamin D 3 treatment (Fukuda et al, 1993) . Also, no LOH or mutation of the VDR gene has been detected in parathyroid lesions in SHPT (Chudek et al, 1998) .
In summary, we showed that genetic changes at chromosome 2 and 18q occur preferentially in hyperplastic parathyroid nodules in SHPT and excluded allelic changes at chromosomes 1p, 6q, 11p, 11q, 13q, 15q, 16p, and 19p , which are specific for primary PA. Our data suggest two alternative genetic pathways for the autonomous growth of parathyroid cells. The first pathway is a monoclonal growth of genetically altered cells leading to the development of primary PA. The second pathway involves a polyclonal proliferation of parathyroid cells followed by clonal nodular hyperplasia, which finally results in refractory hyperthyroidism, eg, in "secondary" PA. Although secondary PAs show genetic changes different from those seen in primary adenomas, both pathways lead clinically to the same monoclonal lesion refractory to therapy, and both types of lesions indicate surgical treatment.
Materials and Methods
Patients and Tissue Specimens
Parathyroid tissues and peripheral blood were obtained at surgery from 23 unselected patients (12 women and 11 men) with advanced hyperparathyroidism. All patients were refractory to medical treatment. Microsatellite analysis of multiple parathyroid nodules at locus D18S61 in Case HD218. The constitutional heterozygosity without allelic imbalance was retained in nodules A, B, and D, whereas nodule C showed loss of heterozygosity (LOH) at this locus.
Nagy et al
One part of each specimen was fixed and embedded for histologic examination, and the remaining tissue was frozen in liquid nitrogen and stored at Ϫ80°C. Histologic diagnosis was established according to Harach and Jasani (1992) . Nodular hyperplasia was diagnosed in 67 specimens, and diffuse hyperplasia was found in 2 specimens. Estimated gland volumes (V ϭ 4/3 r 1 r 2 r 3 ) and the most important clinical and histologic data are summarized in Table 2 .
DNA Extraction and Microsatellite Analysis
DNA was isolated from peripheral blood and hyperplastic nodules. A single nodule from each nodular hyperplastic gland was used for DNA extraction. To avoid contamination with normal stromal cells, nodules were at first dissected from the rest of the parathyroid tissue, placed on a Petri dish, and covered with TRIS hydrochloride/EDTA (TE, pH 9). The cells then were pushed and scraped out from the nodules and the remaining stromal tissue was discarded. This procedure was controlled under an inverted microscope. DNA was then extracted after proteinase K digestion by phenol/chloroform from both leukocytes and parathyroid cells. We used 28 microsatellite markers for analyzing chromosomes: 2p (D2S380), 2q (D2S1391), 4p (D4S2366), 5p (D5S819), 5q (D5S1720, D5S818, D5S816, D5S476), 7p (D7S817, EGFRca1), 7q (D7S1797, D7S2847, D7S1801), 8p (D8S264), 10q (D10S1744), 14q (D14S267), 16p (D16S407), 16q (D16S520), 17q (D17S806), 18q (D18S70, D18S1119, D18S61, D18S558), 19q (D19S246) 20p (D20S194), 20q (D20S120), 21q (D21S1436), and 22q (D22S1266). The primer sequences and location of the markers was obtained from the Human Physical Mapping Project at the Whitehead Institute for Biomedical Research (http://www.genome.wi.mit.edu) and from the Genome Database (http://gdbwww.gdb.org/gdb/gdbtop.html).
Polymerase chain reaction (PCR) was carried out in 96-well polycarbonate plates using a PTC 200 thermocycler (MJ Research Inc., Watertown, Massachusetts). DNA amplification was performed in a total volume of 10 l with 50 ng genomic DNA, 200 M each dNTP, 2 pmol of Cy5-labeled forward primer, 2 pmol of reverse primer, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.01% bovine serum albumin, and 0.5 U Taq DNA polymerase (Gibco BRL, Eggenstein, Germany). After 2 minutes of denaturation at 94°C the loci were amplified by 28 PCR cycles according to the following conditions: 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 40 seconds. After a final extension at 72°C for 5 minutes, the reaction was stopped by adding 20 l of ALFexpress (Mallinckrodt Baker, Deventer, Holland) loading buffer (50 mM EDTA and 5 mg/ml Dextran Blue 2000 in 100% deionized formamide). Before loading, the PCR products from normal and tumor DNA were heat-denatured at 94°C for 2 minutes, then 3 to 5 l were separated on 5% denaturing polyacrylamide gels (made of acrylamide:bisacrylamide ϭ 19:1), on an automated DNA sequencer (ALFexpressII, Amersham/Pharmacia Biotech, Freiburg, Germany). The conditions of electrophoretic separation were 1500 V, 38 mA, 25 W, and a constant gel temperature of 55°C in 1 ϫ Tris-borate-EDTA (TBE) buffer. The collected data were evaluated using the Fragment Manager (FM 1.2) (Amersham/Pharmacia, Biotech). We determined a decrease or increase of signal intensity at one allele to around 50% of the signal of the corresponding normal allele as an AI, whereas the complete or nearly complete loss of signal is designated a LOH (see Figure 1) . The term microsatellite instability is used only for cases where the allelic size in tumor tissues differs from that observed in the corresponding normal cells or when an additional new signal of different allelic size appears in the tumor.
Analysis of the X and Y chromosomes
PCR was performed as described above with the primers AMXY-1F and AMXY-2R (MWG Biotech, Ebersbach, Germany) to amplify a part of the X-Y homologous region (Nakahori et al, 1991) . After 2 minutes of denaturation at 94°C, the samples were subjected to the following amplification program: 1 minute at 94°C, 1 minute at 61°C, and 2 minutes at 72°C for 30 cycles. The final extension time was increased to 10 minutes at 72°C. DNA fragments were separated on a 1% agarose gel at 60 V for 90 minutes and visualized by staining with ethidium bromide.
